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B&cRcototnn) 

The present invention relates to a pulse oxli.«t.«^ 

elimination of motion artifact imich may aff faotTK ! !^ 
blood oxygenation signal. ^ ^^tecteA 

^r.< v.,'^^^ oximeters typically measure and display 
various blood flow charaoterlstlos including but not ^L^. . 
to blood oxygen saturation of hemoglobin iTa^iS ITo^ 
volume Of individual blood pulsations and th^^el. 
^sations oorrespondlng to .ach heartbeat^f 

oximeters pass ligbt through human or animal J^y uL. 
vhere blood perfuses tixe tissue suob as a fl^ ^ 
«;sal septum or th. ,oalp, and Pbo:^eJ:o^!S5'o^:^r^ 
Change in absorption of light 1„ the tissue Jje^'f" 
light absorbed is then used to calculate t^; a^nHll 
constituent being measured. «^«»»>t of blood 

be o* ^^^^ ^"^^^ i« Beleoted to 

be Of one or mqre vavelengths that is absorbed by the blLd in 
an amount representative of the amount of the blLT 

Ztr"L™'"*"^^^'*°*- '^--o-tof^ansmltted 
nght passed through the tissue will vary in aocord^^S 

.tat^Tg^t-rU'on"^ ^^^^^ ^ - - 

The optical signal can be degraded bv w>. » 4 
»otlon artlfaot. one souro. of noisel^l^il ^r"!^ ^ 
reaohes the light detector. Another sourrorLsf 1^1 
alectromagnatlp coupling from other elactronic l^^Z Z 
the area. Motion of the patient can also affeonS^wi^ 
rcr instance, when moving, the coupllnc h«^! *u ^ ' ' 
and the s^n or tha e«itt';r and ^^'r^: :jfVctf . 
as- by the detector moving away from the Z ttpl^Luy' fT 
instance, m addiUon, since blood is a nuid, It^v L 
«cve at the same speed as the surrounding tl^l 
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rebultiiiff in a XDooentary change in volume the point the 
oxiaeter probe is attached. 

such action can degrade the signal used for making 
medical decisions, vith the clinician being unaware of IT 
OMb is especially true if there is remote «onitc«ring of the 
Pati^t the motion is too small to be observed, the clL^^L 
is matching the instrument or other parts of the patient a^d 
^ot the sensor site, or in a fetus where motion i^ SSen 
5 o!»B ''^^^ a*ecribed in u.s. Patent Ho, 

5,025,791, an accelerometer is used to detect motion. When 
motion is detected, readings influenced by motion are either 
eliminated or indicated as being corrupted. la a typical 
oximeter, measurements taken at the peaks and valleys of the 
blood pulse signal are used to calculate the desired 
characteristic, notion can cause a false peak, resulting in a 
measurement having an inaccurate value and one which is 
recorded at the wrong time, m u.s. Patent He. 4,802,486, 
assigned to Hellcor, the disclosure of which is incorporat^^d 
herein by reference, an EK8 signal is monitored and correlated 
to the oximeter reading to provide synchronization to limit 
the effect of noise and motion artifact pulses on the oximeter 
readings. O^s reduces the chances of the oximeter locking on 
to a periodic motion signal, still other systems, such as 
that set forth in U.S. Patent Hc. 5,078,136, assigned to 
Hellcor, the disclosure of which is incorporated herein by' 
reference, use signal processing in an attempt to limit the 
otfect Of noise and motion artifact. TOe -las patent, for 
instance, uses linear interpolation and rafee-of cihan^e 
techniques to analyze the oximeter signal. 

^^^'^^ oximetry readings impose a number of 

difficulties in dealing with noise, xhe oximeter reUes on 
»athematical analysis of the reading, at two different 
wavelengths. Because different amounts of light are absorbed 
at each wavelength, the magnitude of the motion artifact 
to the same motion will be different for each signal. xkZ Lb 
complicated by the fact that the lights are alteSS;iy 
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pulsed, and tbaa each ia Infiuenoed by a different aaoutit of 
notion, sinoe the notion varies with tifte. 

one systea, set forth in PCT Publication Ho. 
WO 92/15985 (Vital Signals, ino.) correlates th^ non-noiee 
portion of two wavelength signals and generates a noise 
reference signal. Ibe noise reference signal ia then provided 
to an adaptive noise oanceler to eliminate the noise fron the 
desired signal. ■ 

Patent Ko. 4,714,341 discloses the use of three 
different wavelengths, rather than two, in order to detect 
wben noise is present. This patent teaches using the first 
and second wavelength signals to produce a first oxygen 
saturation value, and then using the first and third 
wavelength signals to product a eecond oxygen saturation 
value. The two calculated values are then conpared. if the 
values are equal, as they should be absent w>tion, the signal 
is presumed to be good, if the values are different, the 
signal is assumed to contain motion and is disregarded. 

SOMMARY 0* THE IMVEHTION 
The present invention is based on analysis of the 
signal intensity received by the detectors, without separately 
neasuring the motion signal, without providing feedback to 
cancel the motion signal and without attempting to 
nathoBatioally eliminate the motion signal. Instead, the 
present Invention mathemaUcally recognises the presence of 
the motion signal and recognises a few key Characteristios of 
the motion signal. First, although the magnitude of the 
effect of motion on the signal intensity for each wavelength 
will be different, the change in the logarithm of the motion 
oonponont will be approximately the same (for signals at 
approximately the sane time). This allows the motion 
component to be cancelled out in a rationetrio equation. 
Second, it is assumed that the blood pulse signal is not 
affected by motion. This sabohd assumption is more of an 
approximation, sinpe the blood pulse signal is somewhat 
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ensulnf aetalled desoriptl^on taken In conjunrtlon vith the 
aoecfnqoanying cbrawlnga. • 

BRIEF DBSCRimOH OP TOE DRAWmas 
- Pigs. lA-lD are diagrana.pf an intensity signal 
Showing the effects of pulsaUle flow and notion noise; 

Pigs. ZA and 2B ^e dlagraas Ulustrating the effect 
Of notion on the path length of emitted light, and thus on tha 
intensity of received light; and v » tnus on the 

Pig. 3 is a bloolc diagraa of a systen according to 
the present invention. 

DETAUSD DESCRimOM OP THE^ PREFERRED EHBODIMBOTS 
Figs. lA-lD illustrate aspects of a pulse oxiaeter 
signal which the present invention, takes advantage of 
Pig. lA shows the logaritha of a detected infrared si^ai ' 
Pig. IB shows the logaritha of a detected red wavelength ' 
Signal For both of these figures, the signal includes action 
occurring in the Interval of 5-12 seconds. Otherwise both 
the red and Infrared signals are noise-free optical signals 
Pig. ic Shows the result of a subtraction between the signals 
in Pigs. lA and IB. As this Illustrates, the subtraction 
cancels out the noise. This is because the data exists la 
logaritha forn, and the abtion corruption is additive 
Accordingly, in addition to calculating saturation the 
dlfferance waveform (Pig. iC) can be scaled, and then 
subtracted froa either the logaritha of the IR or red signal 
«t22i? - =^thls 

7ig. 2A illustrates one possible exaopla of how 
notion can effect the intensity signal. A light eaitter 16 is 
shown ealtting rays 18 through a patient's finger 20. This Is 
detected by a detector 22. A. can be seen, the distance tra« 
the «»itter to the detector, D, will determine the^t oT 
light emitted by the emitter reaching the detector, since • 
there will be a natural 8pr«»adlng affect of non-colliaated 
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light rays. The farther away ttje detector is, the nore 
spreading results. \ 

Fig. 2B illustrates another axainple showing how 
notion of a finger oan ooiqjress and widen the finger 
(eseaggerated in the figure) and temporarily oaose the light 
emitter X« to move away from the detector an addiUonal 
distance indicated by arrow 24. This additional dlsfenee wUl 
cause less of tb» light to reach the detector, since there 
will be more spreading of the light eaitted at this larger 
distance. This will result in a lower intensity waveform 
being detected by the detector. Alternately, compression 
could result in a higher intensity waveform. Motion and noise 
can take ot^her forms as well; and can vary for other reasons 
than non-colllmated Ught rays. Por instance/ the emitter and 
detector could be slightly misaligned. 

The Eoresent invention recognizes that the 
calculation for determining oxygen saturation by pulse 
oximetry using , the -ratio of ratios" can be assumed to have a 
motion term Which is independent of any particular wavelength. 
An understanding of this first requires an understanding of 
how the ratio of ratios is calculated. 

Using Lambert-Beeris law as a starting point, 
equation (1) below is used to determine saturation in pulse 
oximetry: f^*^^ 

xa,t) -x,a>exp(-(s|»„a) + (x^s,p^(;t,,j^^,j 

wheret I ' waveleoffth 

t " time 

I„ - intensity of 2i^t transmitted — — 

X - intensity of light detected 
8 o caiysren saturation 
Pp» P, - ainplricaHy derived absorption coefflelaats 
•fox owensted and deoao'fl'anafeediienioaloSbla 
respactivejy ' 
it) • a combination of concentration andpsitb 
Jmgrtb from emitter to detector as 
a function of tlae 
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The traditional Approach is to solve for ratio of^ 
ratios and then oaloulate saturation. 

Take natural logarithia ot equation (1) for IR and Red, 



Differentiate equation (2) yith 



respect to tine: 



Divide Red (3) by IR (3) 

dlc^J (X.) /dt ^ gp.g,) 



Dslag logA-loOT - log»>B, tha Uove equ»tion < 
mrittan oat 



dt 

Where r is tha "ratio of ratios, 
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solving (4) foy a using (5) gives: ■ 

Frra (5) note « can bo calculated using two points 
cMjrresponfllng to neasurements at two different times, t. 
Alternately, a family of points can be used. 
To see this latter point definej 

Then, equation (5) can be written as: 
r(t) =» sx(t) 

and for a f aally of points over time this will describe a 
Cluster Of points that define a best-fit line of y versus r 
with a slope given by j?. 

The present invention Jhodifles the above equations 
by recogniaing that a tern can be added to account for motion 
and noise, m particular, the motion and noise component can 
be represented by a function which varies with time and is 
wavelength-independent. This recognition aUows a 
mathematical solution to isolate and eliminate the motion and 
nolAe components without requiring prior art methods sucSh as 
separately measuring the motion. , 

Hatiaa. For example, to account for motion eind 
noise, we can modify equation (X).by aulUplylng by a time 
varying function u ft; representing wavelength-independent 
motion or noise. This gives the following equation: 

J(X.t:) -X,(l)i,(t)exp(.(sp,a)^(i-s)p,a>)J(t)) («, 
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we can then solve for s using the e«„e steps as used above. 
First, we take the logarithm 

log J-logj, ♦iog^.(sp^+ (l.^jp^^ : 



Next, we differentiate with respect to time: 

aaien, we determine the ratio of Red to iRi 

dlogJ(X.)/dfc dlogn/d t- (flP, a„) + (i-s) o ) 

r!tli' f '"!.'^*'' terms the 

ratio^of ratios will be driven towards unity, driving T 
t.^ards a wavelength-dependant constant. So because 1„ this 
model optical coupling due to motion appears IdentloaUy^ 
both wavelengths, its presence drives the satm^atloTS t^Ts 
vavelength-depandaat constant. '"'ation to this 

invention thus allows a calculation of 
blood oxygen^ saturation by mathematically recognl«l„g1^; 
motion signal. This enables a solution whichdOes^t rLi^ 
eepa^tely measuring the motion signal, provldl^r*!!! 
c^cel the motion signal, c. atte^^ii nS"e!a&Sr 
eliminate the motion signal. Set forth below are tw^ 
preferred embodiments for Implementlno tHa ^ . 

^ Let \» be some other wavelength (not IR or Red» 

««3W take the logarithm and differentiate this Zr7 ' 
wavelength, obtaining (7, . One approach might be to 
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differ««a IR with this new wavelength, and similarly with 
Red. ThB problem with diffteenclng is th^t R could 1 
infinite when; 



•^'logxa„) -^logJU,) » 0. 
Here is a batter solution. Rewrite (7) asi 

How to introduce, eone matrix algebra, define: 
«-^logii 
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With this notation^ 



k «a Ha) 



SO as long as c la full rank, there is no dlffinuiW 4 
Bolvlng saturation ana the optical cou^l"'Tel^ 
uniquely. X« other words, you can nov «.J^,XTLc*, 
because there is no wavelen^ «here i,, - ^ tT^^^f 
saturation. * = a, for « given 

™e."s: «r^'r --^^^ 

~.l.-.tlo. co.«M.„t. L^'tS^ C!^"'"'- 
tl»r. 1. i, .,t^tt^ SS^lS. T*^- 

«». th. l»p« o=,»^ti„ p.th-i™,th to!!Jr^" 

~»«^ti«, win to ™^i„, vith th. »uo„rt.t«. 
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With two wavalengtha we have: 



C8) 



TWO equations and three w&nowns. o„e approach Ip 
to return to calculating R by rewriting (8) s 



• vhere a is the action ter», as detlaed earlier, R is th« 
Of ratios, ana v is the signal with no »otlom 

'^^^ '"'^ aaswi^lons which »ajte the 

e«!^V°!:J*"'' Of the 

effert Of action on «ich Intenaitgr signal will be different 
the Change in the logarithm of the «otien c«npone«t at^ ' 
d f ferent ti„ea will be the sa«.e (which assZs^ Sf^^t 
tl«e signal saaple. are adjacent or close together ^l^T 
THis allows the action co»ponent to be cancelled cut 1^^^ * 
raticaetric eguatich. «xe sepond assuapticn is that Se 
motion doesjjot cause any effect on the remainder of the 
Ration. There is scae effect, olnce action can chawe th« 

a saall effect cc»««red to the action when there le ^^^^ 
aigniticant action present. By assuming that the action 

ll^^ZT <^^«tionl™rve 
assume that v and a are not related. ™«nt, we 

Another assuaptlon is that the aacunt of action i« 
2 aeae at the tl»e of both intensity signrLIu:^^:,':,, 
the two wavelengths. This Is a reasonable assuiaptlcn TsZ^ 

typical action signal varies at., rate of ^ 
^ila^the light pulsing fre^ency is typically atTrat! ^ 
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Assuming v and a are independent over tiae, ly »»-i> 
^Hidir ^^^^^ ^""^ product. Substituting for r and a 

. m - ^} " 

8<ilving for the R that solves this equality yields, 

-t^; . ■ • 

There are two probleas with this approach. 
When B approaches one. bj-hi approaches eero, and tha 
above equation approaches zero divided by aero, iws fact iT 

z ^-^^ -^^r l 

A nore limiting problem U the assumption that 
(v,m)^0. certainly the motion signal is independent of the 
art^ial pulsatile signal, but during »otion,Ta J ^L^L- 

TT. °Z^T '""^^ ^^'^ «>«-^^^ 

with a, thus biasing j» away from its true value. 

Pig. 3 is a block diagram of one embodiment of a 
mse oximeter implementing the present invention. Light from 
t^s X4 passes into patient tissue X8, and after being 
transmitted through or reflected from tissue 18, the light is 
received bjr^ photosensor X6. Bither two or thre; ^s ^2^^ 
depending upon the embodiment Of the present inve^o^ 
JlT^Ti tr*^^ "-ived energy into an e^Ll ' 
signal, which is then fed to input amplifier 20. 

tight sources other than IEDs can be wed. For 

^riL'"*" ^ ««>«'«» o--^^ be 

r!"^"' "^"-^ transmitting or 

Time Processing unit (tTO) 48 sends control 

signals «8 to the LED drive 32, to alternately activate thi 
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X4 ■ ' 

I.ED8. Again, depending on the smbodlaent, the' drive nav 
oohtrol two or three lEDs. \. / 
She signal received from input amplifier 20 is 
P&ased through three dif f e>«nt channels as shown in the 
embodiaent cf Pig. 3, tor threp different wavelengths. 
Alternately, two tShanheis for two wavelengths could be used. 
Bach Channel includes an analog switch 40. a low pass 
filter. 42, and an analog to digital (A/D) converter 38. 
^trol l^s 69 £ro» *PU 48 select the appropriate channel at 
the tiaa the corresponding led X4 is being driven, in 
8ync*roni«ation. a queued serial nodule (qsh) 46 receives the 
digital data fron» each of the channels. CTO so transfers the 
data fro« QSH 46 into RAH S2 as Q8K 46 periodicklly fills up 
to one e»bodiinent, QSH 46, TPU 48, CTO SO and sam S2 are ^Zt 
ZrnJ^^T ^""^ " ^ -icrocontrLer 

She method of the present invention is practiced by 
CBU 50 on the data in HAM 52 as received tiurough the various 
chartnels from photodeteotor 16. -me signal frea 
Photodetector.16 is the signal which origtoatod from l®)8 14 
as reflected or transmitted by patient is, and includlnc • ' 
undesired noise artifact. 
. , As wUl be understood by those of skill in the art 

tha present invention can be embodied in other specific fomi 
without departing from th^ spirit or. essential characterisSL 
thereof. For exa«<ple, saturation c6nld be determined using 
different mathematical calculations, once it is recognised 
that the motion tmrm is a funisUon of time that is indepenW 
Of «avele^ and is approximately the same for two adja^ 
m time signal samples at two different wavelengths, m one 
example, the mathematical determination could be done by 
dividing the two intensity, equations to eliminate the motion 
term. Although this would only eliminate the motion from one 
wavelength equation, this dould be done for alternate 
wavelengths in alternate samples, in a three wavelength ' 
««*odiaent, division of two separate pairs could be done to 
eliminate the motion signal. Accordingly, the disclosure of 
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the preferred embodiment of the Invention is Intended to be 

::'f::Lt ttiv r ^-^^ - '--S- 

wHion J.8 set forth in the following claina. 
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wavelengths; ««tereni: 

detanaining eaid saturation by aanltmlatl«a 
«aia first ana second Intensity slgnalTwITC ' 
assin^tlons that ' 

I) an Mount of notion is the saae at *h« 

II) the motion components of said 
intensity signals are proportional to one another. 

"Otic =„p,™«. « .i*»irL?^i^ 

representing each of said Intensitv 
"«~P«rtta, to th. Irtwit, rtg^l, luid i tta.. 

differentiating eaCh logarithm, 

_ f^"*^^ differentiated logarithm Of 

the first Intensity signal to v + », vherTm 
portion pf the signal due to motion 
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equating tha seaond differentiated i«L=-4^u 
the second intensity signal to Rv + T^T. 
Of first and second ^velengt. ratio^ I r^av^™' 
ratio being the logarltha of the ratll *v T 
Signal for the .veleng^ ,tr:L\1oc*L^ S^^^^ 

expressing said representations as a natrix; 

are ind. J. ^! « ^'^ assmihg vlnj « 

are independent for so»e defined inner product; anr 

determining said satcratlon from R. 

portion of said patient to produce first «JZl a 
third Intensity signals; ' 

a t^r^A °f eaia intensity signals aa 

a ft^ctlon Of. said saturation, the wavel«^^ *° 
ponding to the l»te«.lty signal, aTTti^e- 

ot 0.1d intensity signals, and 

solving the three functions to obtain a value 
for said saturation. 
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7. the «athbd Of olain 1 wbereln said dBter»l»ing 
Btep asBuasB ttet the derl^tlva of the logarithm of the 
motion component of each intensity signal is the saae. 

8 . The »ethod of olain « wherein each of said 
functions includes a plurality of coefficients, and further 

Z'^t^S ' coefficients' for 

said third intensity, etgnal frc» a measureaent in the absence 
!f ir^tS." * ^determination of said saturation tro» 

said first and second intensity signals. ; 

. 9. 'the method of clala 6 further cciprising the 

ste^s of J 

t»^^9 ^ logarithm of each representation of 
said first, second and third intensity signals; 

differentiating each logarithm; 

putting the differentiated iogarithms into a 
matrix; and 

solving said matrix for said saturation. 

10. A method for measuring the saturation of a 
blood constituent in a patient comprising the steps of j 

Irradiating said patient with electromagnetic 
radiation of three discrete, different wavelengths; 

sensing the intensity of said radiation for 
each of said wavelengths after it passes through a 
portion of said patient to produce first, eeoond and 
third intensity signals; 

repwsenting each of said Intensity signals as 
a function Of said saturation, the wavelength 
corresponding to the intensity Signal, and a time- 
variable motion term corresponding to motion noise, said 
motion term being the same for each cf said intensity 
signals; and ' 

solving the three functions to obtain a value 
for said saturation. 
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H. aSie nethod.of claim 10 wherein each of said 
functions includes a plurality of coefficients,'- and further 
coiaprising the step of determining a set of cdeffiolenta for 
said third intensity signal from a aeasureaent in the absence 
of motion noise and a determination of said saturation from 
said first and second intensity signals. 

12. The method of claim 10 further comprising the 

steps ofj 

taxing the logarithm of each representation of 
said first, second and third intensity signals; 
differentiating each logarithm; 
putting the differentiated logarithms into a 
matrix; and 

solving said matrix for said saturation, 

13. A method for measuring the saturation of a 
blood constituent in a" patient cbmprlalng the st^s of: 

irradiating said patient with eleotrottagnetio 
radiation of two discrete^ different wavelengths; 

sensing the intensity of said radiation for' 
each of said wavelengths after it passes through a 
portion of said patient separately to produce first and 
second intensity signals; 

r^esenting each of said Intensity signals as 
a funotion of said saturation, the wavelength 
corresponding to the intensity signal, and a time- 
variable motion term corresponding to motion noise, said 
notion term being the same for eaoh of said intensity 
14 Signals; 

" • logatithm of each representation of 

16 said first and second intensity signals; 

^"^ differentiating each logarithm; 

" equating the first differentiated logarithm 'of 

19 the first intensity signal to v ^ m, where » i. the^ 

20 portion of the signal due to motion; ' 
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^^^^^r^ 8ai4 saturation frem R. 

14 . An apparatas lor measuring tha 
bleoa oonstituant l„ a patient oo»prl«l„g, '^^^"^^-^ « 

4* o«^«.*. e^it^^era, said emitters 

7 ,4^. ^ ***^°**'*^>' »«»«l«9r the intensity Of said 

light, said detector being mounted relative Z lliTtL^ 
second emitters so that said ll,.t is detlc^^J a^S' 
^9 «»rough a,portlon of said patient; 

11 * controller for alternately aotivatina said 

" emitters so that said detector detects the ZtTZZ 

" wavelengths at different times to produce f 

13 second intensity signals; and ^ ^ 

" control means for determining said saturate „« 

^ 'irst and second Leisir^^^ 

1€ With the assumptlonai that "tensity signals 

18 is the same at the 

same time for each of said intensity signals, and 

3 ««>=»«»«lt».««„^i.„„^^'j;';«^i'."v. 
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: ' '^'^ '"""^^^ ^^^^ ^^^^ ^-.er 

representing eaoh of said intensity 
Bignals as fa function of said saturation, the ^vTlZ. 
oc^e^onding to the intensity signal, a;^ a t W '^'^ 
variable notion tern oorreapondlng to motion noise «»4^ 

^^^^^ - a-e «trjr.i:;^^ 

"fans for taking the logaritto of each 
Xl"" " said first ana secona intensity 

means for differentiating eaoh logarithn; 

Kieans for equating the first differentiated 
log^itha Of the first ^tensity signal to v Tl' T^. „ 
is the portion of the signal due to notion; - 

aeans for equating the second differentiated 
logarithm of the second intensity signal to ^ 
R la a rati, of first ^ seconrvav^Te^gS Ztll' 
wavelength ratio being the logarithm of Se ^tio ;f ^ 
intensity signal for the Wavelength at f irst a^a , 

matrix; ""'^ "jessing said representations as a 

V and » JT. ^"'^rlx for R by assuming 

vand » are independent for ao»e defined inner produ^' 

laeans for detenainlng said saturation from R. 

18. The apparatus of claia 17 ftrr*u«„ 
elarm coupled to said control laeans^or 1^^!^^ comprising an 
saturation is less than a predate::!;:^ ^iTfl^ T 
predetermined period of time. ' 
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W. W^atus o* ex.i«. X4 further coaptlsiiig, 

with eleetro«agnetio radiation of a third discrete 
different wavelength^ 

«l*«™ately a<^ivati„g Bald 

prpduoes first, second and third inteaslW signals, 
said control neans including 

repreBenting each of said intensity 
signals as a function of said saturation, the 
wavelength corresponding to the intensity signal, 
and a ti.e.yarial>le nctien tern correspondinTto 
motion noise, said motion term being the same for 
eacJh of said intensity signals; and 

^»ea«s for solving the three functions to 
Obtain a value for said saturation. 
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